Permanent Magnetic Brushless Direct Current (PMBLDC), Finite Element Method (FEM).
Introduction
Permanent magnet (PM) brushless DCmotors have been widely used because of theirattractive features like compactness, low weight, highefficiency, and ease in control [1, 2] . The reliability ofBLDC motor is high since it does not have any brushesto wear out and replace. The stator consists of stackedsteel laminations with windings placed in the slotswhere as the rotor is made of permanent magnet thatcan vary from two to twelve pole pairs with alternatenorth and south poles. Different rotor configurations are available forPMBLDC motor namely surface mounted PM designwith interior or exterior rotor, interior PM design withburied magnets etc., each having specific strengths andweaknesses [4] . Among these the radial-flux, surfacemounted type is commonly used for its simplicity formanufacturing and assembling. But this type of motorsprovides low inductance value so that the overall timeconstant is reduced. This introduces high torque ripplewhich is undesirable in servo applications. Thereforeanother rotor design with permanent magnet embeddedinside the rotor namely tangentially magnetized PMmotors are considered. Performance evaluation of thesetwo motors is discussed in this paper. FEM has been applied to design BLDC motor widely in [3, 4, 5] . Finite Element (FE) analysis using FEMM software is done for both the motorconfiguration in order to make a comparison. Thesimulation results are presented this paper.
PMBLDC Motor Analysis
The analysis is being carried out for a threephase BLDC motor.Magnet Vacodym 677HR is magnet material used due to its good thermal stability allowing its use inapplications exposed to high temperature about 180 C. The flux density is selected about 0.8 T. 
Thegeometry specifications of the motor used for the analysis arelisted in table I. 
Fig 2.Layout of a BLDC Motor p=12, Z=36
Based on this design,some basic performances are shown in fig 3. The most important parameter is efficiency of 95,2%. The efficiency is optimized by control angles from 0 to 12 degree. The torque on the shaft is 149.7 Nm with 200V and 180A.
Fig 3.Performances of a BLDC Motor
In order to evaluate the maximum torque of the motor, a maximum current is applied to determine when the permanent magnetic is irrecoverable. The maximum torque is 801Nm at speed of 660 rpm with a current I=959,4 A and the efficiency is quite low about 66%. However, this design is still not yet optimal. To improve the design, different motor configurations, controlling angles can be adjusted to achieve maximum efficiency but the geometry parameters in Table I are kept constant.
PMBLDC designs by FEM
Applying ranging method, some basic parameters are adjust to get maximum efficiency. The efficiency is calculated based on copper and iron losses. Those losses depend on stator and rotor teeth dimensions. The stator yokes are changed from 10 to 11 mm and the controlling angle Th0 is from 20 to 40 degree. An optimal design is shown in fig 5 with a maximum efficiency of 96,11%. The slot factor is less than 0.5.
Fig 5.An optimal design of PMBLDC Motor p=20, Z=18
Some operation points have been recorded to monitor torque performances in Table II . It is easy to know the maximum efficiency of 96,11% at speed of 1600 rpm, the shaft torque is 750 at speed of 200 rpm with a lower efficiency of 39%. A 2D BLDC motor model is simulated by FEMM software. After meshing the geometry model included magnetic, silicon steel and insolation materials, the electromagnetic characteristics have been obtained in fig  6. The flux density distribution of rotor and stator is resulted at 800 rpm and 270A.
Fig 6.Flux density results
Based on this simulation, the electromagnetic torque curves have also determined at different rotor positions from 0 to 360 and I=400A as fig 7. 
Fig 9. emf vs speeds.
The emf can be obtained by analytical method as equations:
Flux linkage and inductance were implemented by FEM simulation as results.
Fig 10.Flux linkage vs current
The inductance can inferred from flux linkage curves as equation:
Fig 12. Inductance curves vs rotor angles
The simulated results are useful for dynamic investigation and basic parameters for torque and speed controllers.
Skew angle calculation
Skewing method is used frequently in BLDC motors for eliminating this cogging torque. With optimum skew angle, cogging torque can be eliminated theoretically. Skewed slots for the stator lamination layers are illustrated in Fig13. Any consecutive slots are numbered as 1 and 2 in Fig 13(a) to show the beginning position for the first layer. Depending on optimum skew angle, each layer should be skewed one by one.
Fig 13.Cogging torque analysis
Cogging torque can be calculated from stored energy in the air gap. Variation of the co-energy gives the cogging torque [6] c dW T d   (4) Tc is the cogging torque, ∂θ is the displacement with mechanical degree, ∂W is the stored co-energy in the air gap. Cogging torque is periodic along the air gap. By using this periodicity feature, Fourier series of the cogging torque can be obtained [7] .
Ksk is the skew factor which is 1 for non-skewed motor laminations. Cp is least common multiple between thenumber of pole and number of stator slots, Skew angle is given in Equation (5). 
Conclusion
The paper has presented a comprehensive design of a PMBLDC motor for electric vehicles. The design was calculated by analytical method, optimized by SPEED software and evaluated electromagnetic characteristics by FEM. Particularly, thermal calculation was carried out to compare temperature capacities in worst cases. The skewing method is applied to the PM surface mounted type Brushless DC Motor for eliminating torque ripples. To observe the skewing effect, the stator lamination layers are skewed with different angles. The best skewing angle is determined by number of stator slots and cogging period with a parametrical study.
